Introduction
Semiconductor quantum dots (QDs) are islands of a semiconducting material small enough to confine electrons in a region comparable to their Fermi wavelength. They represent electronic quantum systems just like natural atoms, but are much more easily incorporated in macroscopic electric circuits. By today's nanofabrication tools and material design, it is possible to control and tune their properties according to the experimental needs. Among others, these are reasons why QDs ("artificial atoms") are subject of experimental research for already about two decades [1] .
It has been proposed [2] , and later experimentally demonstrated in double quantum-dot (DQD) systems [3, 4] , that electronic spin states in QDs possess long enough coherence times to make them attractive objects for the realization of quantum bits (qubits). The read-out of those quantum bits is, however, based not on a direct spin measurement. Instead, the spin is translated to the charge degree of freedom in a spin-selective tunneling process based on the Pauli exclusion principle. The subsequent measurement of the charge state can be achieved by measuring current passed through the DQD via source and drain leads [5] . In a qubit read-out scheme [4] , this method has the drawback that each operation cycle delivers a read-out signal that only consists of one or a few electrons, which is too little to be measured in a single shot, and averaging over many cycles is required. Alternatively, one can place a quantum point-contact (QPC), a narrow, ballistic constriction, close to the QD: since the conductance of such a device is very sensitive to changes in the electrostatic potential, different charge occupation states of the QD can be distinguished by a measurement of the current through the QPC [6] . Both single-shot readout of the spin in a single dot [7] and of the singlet/triplet states in a DQD qubit [8] have been realized based on this experimental technique.
In discussing such a measurement on a system as delicate as a single electron on a QD, the question of measurement back-action naturally arises, which is the subject of this paper. It has been shown previously [9, 10] that a QPC, if biased with large enough current, can drive inelastic tunneling events in the QD that would be forbidden in the absence of the QPC. Our focus lies on such inelastic mechanisms of back-action (in contrast to pure quantum mechanical dephasing as, e.g., studied in [11] ). Considering the importance of QPC charge detection in quantum-dot research and particularly in the field of spin qubits, we believe that it is not only desirable to deepen the understanding of back-action effects, but also to present ways of minimizing these unwanted effects. Here, we present on the one hand experimental results obtained in a coupled system of a QPC and a double quantum dot showing the connection between QPC back-action and QPC shot-noise. On the other hand, we demonstrate an experimental technique based on cross-correlation of two QPC sensor signals, allowing to operate the sensors at a lower current level, and thus to suppress back-action.
Our paper is organized as follows. In Section 2, we introduce the QPC and the concept of charge detection. General back-action in charge detection, and photon-mediated back-action in a InAs double quantum-dot sample are discussed in Section 3. Lastly in the Section 4, we describe charge detection with cross-correlation techniques applied to a GaAs sample.
Charge Detection with a Quantum Point Contact
A QPC is a narrow channel in which electrons move ballistically, and in which their transverse motion is quantized into modes with a typical energy spacing larger than the thermal energy k B T [12] . Each of the modes connects the source and drain reservoirs with a transmission coefficient D between 0 and 1 and contributes a value of D × 2e 2 /h to the QPC conductance G qpc according to the Landauer formula.
The transmission can be tuned by changing the width of the channel, e.g., using a gate voltage V gate (cf. Figure 1(a) ). In particular when only one mode transmits partly (at around G qpc ≈ 0.5 × 2e 2 /h), the QPC conductance is very sensitive to V gate and, equivalently, to rearrangements of electric charges in its vicinity. An electron hopping on and off a nearby QD is then enough to lead to a measurable change in G qpc . Figure 1 (b) shows a typical measurement of QPC current vs. time, with an electron tunneling randomly back and forth between a QD and a lead. Additional electrons are not allowed to tunnel onto the dot due to Coulomb repulsion. Time-resolved measurements of such kind [13, 14] have, e.g., been used to investigate the statistics of single-electron transport through a quantum dot [15] . In case one is only interested in the mean occupation of the dot, a time-averaged measurement of the QPC current is sufficient and will yield a value between the two levels of the time trace. Inelastic QPC back-action has been studied in single [9, 16] , double [10, [17] [18] [19] [20] , and even triple quantum dots [21] . The conceptual picture is, however, similar in all cases and sketched in Figure 2 . The QPC, biased at a finite source-drain voltage V qpc , dissipates energy in quanta ∆E into its environment. Some of the energy can be absorbed by the QD system where it excites an electron from its ground state to a higher-energy state. This can for example be an excited state inside the dot or a state in the leads. In our experiment, we consider a double quantum dot, where the valence-state energy of each dot can be tuned independently with gate voltages. The inelastic transition driven by the QPC is a tunneling process of an electron from one dot to the second dot which is separated in energy by the detuning δ. 
Sample and measurement description
As for the nature of the transferred energy quanta ∆E, it is nowadays believed that photons [10, 16, 20] and phonons [17, 18, 20] contribute the relevant fractions, and depending on the specific measurement regime and sample properties, either of the two mechanisms can dominate. The sample used in this experiment is special in the sense that the DQD and the QPC are hosted in different materials with different phonon dispersion relations. Even if there were small areas of mechanical contact between the two, the large impedance mismatch is expected to prevent phonons from crossing the material boundary. The distance between the two devices is however small (about 80 nm), and no metals but only dielectrics are located between them; therefore the capacitive (or photonic) coupling between the two is large. Figure 3 (a) shows a scanning-electron micrograph of the sample. The horizontal object is an InAs nanowire. It has been thinned down at three positions in an etching process, defining two quantum dots indicated with circles [22] . This device lies on top of a GaAs/AlGaAs heterostructure containing a two-dimensional electron gas (2DEG) 34 nm below the surface. In the same etching process, this 2DEG has been cut along regions appearing bright in the image, which defines two QPCs. The sample is cooled in a 4 He cryostat to a temperature of T = 2 K and the QPC current is measured using a room-temperature amplifier. The signal is then digitized and stored for analysis. Only the left QPC is operated in this experiment. It serves both as a source of energy for the back action and as a measurement device for the interdot tunneling rate Γ interdot . The latter is determined by first searching for two distinct current levels in I qpc (t)-traces with an algorithm, and then counting the transitions between the levels over a long enough integration time. Figure 3 (b) shows a measurement (left panel) of Γ interdot as a function of the DQD detuning δ and QPC voltage V qpc in a logarithmic colorscale. At very low V qpc , the QPC signal is too small to be used for counting. The corresponding data points, contained in a region appearing as a black horizontal stripe in the measurement, were consequently removed from the set.
At the smallest possible V qpc voltage still allowing for a measurement of Γ interdot , the DQD is close to equilibrium. The rate is then maximum at δ = 0 meV, where thermally driven tunneling between the dots occurs. To the left and right side of the plot, the electron is trapped in either dot and Γ interdot tends to zero. Upon increasing the QPC voltage, the peak in Γ interdot broadens, since now the QPC as a source for non-equilibrium energy can drive transitions for detuning energies exceeding k B T . The amount of the broadening is roughly on the scale of the applied voltage eV qpc . As a second consequence we observe a reduction of the rate close to δ = 0 meV: for aligned dot energy levels, tunneling slows down when the QPC voltage is increased.
Model based on QPC shot-noise
We can understand this behavior by modeling the QPC as a source of electrical, high-frequency noise coupling to the DQD detuning δ. Consider a DQD capacitively coupled to an alternating voltage source shaking the DQD detuning according to eV (t). The tunneling rate between the two dots will generally be influenced by the voltage, an effect which is termed photon-assisted tunneling (PAT) [23] and has been studied e.g., in Reference [24] , where the voltage is a discrete-frequency microwave signal applied to one of the gates of the sample.
In this case, as well as in our experiment, the energy transfer from the source (the microwave in the coaxial cable, or the QPC, respectively) and the detector (DQD) takes place in the near field, i.e., the distance between the two is small compared to the radiation wavelength. No free propagation of photons occurs, and it is therefore possible to describe the process of photon-assisted tunneling in terms of a capacitive (in essence electrostatic) coupling. Nevertheless, the term "photon" is commonly used in this context and hints to the fact that the scale of the transferred energy is linked to the frequency, not the amplitudeV , of the voltage. Namely, if the characteristic frequency of the voltage is much larger than the interdot tunneling rate, we can express the probability to absorb an energy quantum E from the field V (t) during the tunneling process as [25] ,
Here, the voltage fluctuations are described in terms of the autocorrelation function J(t) = [φ(t) −φ(0)]φ(0) of the phase operatorsφ(t) = t 0 dt eV (t )/ . From the leading-order expansion inV [26] , it follows that P (E) is related to the spectral density S V (ω) of the voltage fluctuationsV ,
The probability P can be interpreted as an effective (tunneling) density of the dot states, which, in the absence of the perturbation S V , is a peaked at zero energy and zero otherwise, allowing only for elastic tunneling processes. At nonzero S V , also the probability to absorb energy E > 0 from the voltage field becomes nonzero. In addition, the weight of the δ-peak at zero energy is reduced, as the total weight of the dot states is conserved. Note that the spectrum S V (ω) appearing in Equation 2 is a non-symmetrized one [27] . The values of S V at negative ω lead to stimulated and spontaneous emission of energy into the voltage field. In our experiment, the role of the voltage source is played by the QPC. Namely, a QPC biased at finite source-drain voltage generates current shot-noise, or excess noise. Its spectrum S ex I (ω; V qpc ) [28, 29] has a characteristic cut-off frequency of eV qpc / , since the photons that are emitted by the QPC in the form of noise have an energy bounded by the bias voltage |eV qpc |. In Reference [26] , a mechanism based on a circuit model is proposed, coupling the current fluctuations in the QPC to voltage fluctuations in δ via a trans-impedance, S V (ω; V qpc ) = |Z tr | 2 S ex I (ω; V qpc ). Using these three ingredients, that is PAT theory, QPC shot-noise theory, and the QPC-DQD coupling mechanism, we can understand the features of the data in Figure 3 (b) discussed above.
In the right panel of Figure 3(b) , we present a quantitative comparison of our data with theory showing good agreement. A coupling impedance of Z tr = 5.4 kΩ was determined as a fitting parameter. In the calculation, which is detailed in Reference [19] , it is also taken into account that there are environmental (equilibrium) fluctuations other than the QPC excess noise, such as phonons in the InAs nanowire. These lead to the thermal broadening of the Γ interdot peak. Although not fully under experimental control, the measurement of Γ interdot close to zero QPC bias serves as an indirect measurement of the equilibrium fluctuations, and these data enter the calculation shown in Figure 3(b) . The vertical stripes appearing in the colorplot are an artifact of this mixing of experimental and theoretical data: small statistical fluctuations in the measurement of Γ interdot are incorporated into the fit and remain visible until they are eventually averaged out at |V qpc | 1 mV.
Charge Readout with Cross-Correlation Techniques

Noise limitation of charge readout
As seen in the previous section, the amount of back-action increases with the QPC bias, and in a given experiment, it is therefore recommendable to the bias to zero whenever the readout is not needed (e.g., during coherent evolution of a qubit), and to keep it as low as possible while measuring. However, a small QPC bias usually implies a smaller absolute signal (i.e., a smaller step height ∆I in the I qpc (t)-trace), and since the limiting noise of the current amplification is bias-independent, this leads to a smaller signal-to-noise ratio (SNR). For a given bandwidth, signal strength and noise level, a roughly defined minimum bias voltage exists below which measurements become impossible because the two QPC current levels belonging to the different charge states cannot be distinguished any more. In order to push down this lower boundary on the QPC bias, one might consider to increase the capacitive coupling between QPC and DQD in some way to obtain a larger ∆I. The photonic back-action is, however, mediated by the same coupling and will then also increase. The second option is hence to reduce the noise in the measurement. This can, e.g., be achieved by optimizing the signal amplification toward a lower noise level using cryogenic amplifiers [30, 31] . A complementary approach is to set up two amplification lines with separate signal paths and in the end analyze the cross-correlation of the two outputs. Noise generated in the two paths should be largely independent of each other and average out in this process.
We demonstrate an implementation of such a measurement exploiting cross-correlation in the QD-QPC system. The setup we use is very similar the one described in Section 3 except for the lower sample temperature of 80 mK achieved in a 3 He/ 4 He dilution cryostat. The DQD sample, which is shown in the atomic-force micrograph in Figure 4 (a), features two readout QPCs. Their currents are guided in separate wiring to room temperature where they are measured and digitized.
Cross-correlation analysis
For this experiment we do not intend to study complex double-dot physics. Instead, we want to set up a typical charge read-out measurement situation disregarding the physics behind it. For that, we choose the state where one electron is allowed to tunnel back and forth between one of the dots and the adjacent lead as indicated by an arrow in Figure 4 (a). This tunneling process is sensed by both QPCs, and from the time traces in Figure 4 (b) recorded simultaneously, it is evident that both QPC currents exhibit identical switching behavior [32] . Since in these traces the SNR is rather good, they can be used to extract the mean tunneling rate into and out of the dot given by Γ in,out = 1/ τ in,out # [15] , where the averaging · # has to be performed over many switching events, what we refer to in the following as a "counting" analysis.
The two quantities Γ in and Γ out can be determined by cross-correlation also in the case where the SNR of the two signals is too low to perform a meaningful counting analysis of the above kind. While the detailed procedure is described in Reference [33] , we give here a short qualitative overview. We first write each of the QPC currents I 1 (t) and I 2 (t) as a sum of a random telegraph signal (RTS) α j I (c) (t) describing the switching caused by the dot, and of a noise contribution I (n) j (t),
While the RTS is the same in both currents up to the proportionality factors α j , the noise contributions are assumed to be mutually uncorrelated. Moreover, the noise is uncorrelated with the RTS. In the cross-correlation function of the two currents, C(τ ) = I 1 (t)I 2 (t+τ ) , the corresponding terms therefore drop out,
(Angle brackets denote averaging over t, and we assume zero average of all introduced current components.) What remains is the autocorrelation function of the RTS which is known to be C(τ ) = α 1 α 2 I (c)2 e −|τ |/τ 0 [34] , where the decay time of the exponential is given by τ 0 = 1/(Γ in +Γ out ).
By computing the cross-correlation function 4 from the digitally stored time traces and fitting to it a double-sided exponential, we can therefore obtain the sum of the tunneling-in and -out rates, which is the first step of the correlation analysis. In order to obtain the two rates separately, a second step is necessary in which we compute third-order correlators of the form I i (t) 2 I j (t) in a very similar fashion.
These correlators are equally insensitive to the background noise and encode the ratio Γ in /Γ out , i.e., the degree of asymmetry between the occupation of the two RTS states.
In Figure 5 , we compare the outcomes of the counting and the correlation analysis algorithm. What we see in this plot is a measurement of the total tunneling rate Γ tot = (1/Γ in + 1/Γ out ) −1 between the right dot and the drain lead while tuning the energy level of the dot from above to below the potential of the lead with a gate voltage. When the two are aligned, equilibrium tunneling occurs leading to a maximum Γ tot . The vertical axis shows the bias voltages of both QPCs which we vary continuously from 250 µV, where both QPC signals feature clearly distinct current levels, to 0 µV, where only the bias-independent noise remains. The left plot shows the result of the counting analysis, the right plot that of the cross-correlation analysis based on the same raw data. In the high-bias parts of the plots, the two data sets agree as expected. As the QPC bias drops below about 150 µV, the counting algorithm fails to produce an output, since the SNR is too low and the false-count rate would be too high. The correlation analysis algorithm however remains largely unaffected by the noise down to a bias voltage of about 20 µV; i.e., we gain a factor of 7 to 8 in bias voltage. The limiting factor for the correlation analysis is not broadband amplifier noise as it is for the counting analysis. Instead the remaining noise consists predominantly of discrete-frequency components from external sources coupling into both signal paths. These noise components can in principle be reduced by improving the electric shielding of the measurement setup.
Although only applied to the simple tunneling process between a dot and its lead, the correlation analysis in the way described in this section can be applied to measure the rate of any Poissonian tunneling process in single-and multi-dot systems. Just like the counting analysis, it provides a direct measurement of the rate which is an advantage over conventional transport measurements. Interesting prospects of correlation measurements have been proposed e.g., in Refs. [35] and [36] . Unfortunately, the correlation analysis cannot be directly applied to the spin-qubit readout method used, e.g., in [3] ; the reason is that in this case, the measured tunneling process is not fully random (Poissonian) but is regularized using a periodic gate pulse scheme.
Conclusions
Beyond its importance as an experimental tool for the study of quantum-dot systems, charge sensing with quantum point-contacts is worth studying ion its own right due to the complex back-action mechanisms involved in the measurement. Disregarding phononic mechanisms, back-action in a DQD can be explained by considering the QPC as a source of electrical noise coupling to the DQD. By operating two independent QPC sensors for the measurement, time-averaged cross-correlation of their signals can allow for a reduction of the necessary QPC bias voltages, and thus reduce unwanted back-action effects.
